It has been shown (1) in the dog that the development of a large negative intrathoracic pressure is associated with a marked fall in superior vena caval pressure and a slight fall in jugular venous pressure, while the development of a large positive intrathoracic pressure is associated with a rise in peripheral venous and superior vena caval pressure. In a recent, paper (2) it was shown that when the intrathoracic pressure of the barbitalized dog was increased the right auricular and peripheral venous pressure increased, and that when the intrathoracic pressure was decreased right auricular pressure decreased but the peripheral venous pressure did not change. Evidence was presented that the peripheral venous pressure remained constant when the auricular pressure decreased because the veins became partially collapsed just before entering the chest and increased the resistance to the flow of blood from the periphery to the right auricle. However, the possibility that the peripheral venous pressure remained constant, when right auricular pressure was decreased, as a result of an increased rate of flow of blood along the veins, was not ruled out. l It is generally agreed that the normal negative intrathoracic pressure aids the venous return to the heart. The breathing of air that is under a negative pressure has been shown to increase the cardiac output in the intact animal (3, 4), while the breathing of air that is under a positive pressure has been shown to adecrease the cardiac output (5, 6). However, there are no quantitative data, insofar as I am aware, correlating the change in peripheral venous pressure with the cardiac output change when the intrathoracic pressure is changed. The experiments described here were performed in order to determine how much of the effect of intrathoracic pressure change on peripheral venous pressure was due to a change in cardiac output.
It has been shown (1) in the dog that the development of a large negative intrathoracic pressure is associated with a marked fall in superior vena caval pressure and a slight fall in jugular venous pressure, while the development of a large positive intrathoracic pressure is associated with a rise in peripheral venous and superior vena caval pressure. In a recent, paper (2) it was shown that when the intrathoracic pressure of the barbitalized dog was increased the right auricular and peripheral venous pressure increased, and that when the intrathoracic pressure was decreased right auricular pressure decreased but the peripheral venous pressure did not change. Evidence was presented that the peripheral venous pressure remained constant when the auricular pressure decreased because the veins became partially collapsed just before entering the chest and increased the resistance to the flow of blood from the periphery to the right auricle. However, the possibility that the peripheral venous pressure remained constant, when right auricular pressure was decreased, as a result of an increased rate of flow of blood along the veins, was not ruled out. l It is generally agreed that the normal negative intrathoracic pressure aids the venous return to the heart. The breathing of air that is under a negative pressure has been shown to increase the cardiac output in the intact animal (3, 4) , while the breathing of air that is under a positive pressure has been shown to adecrease the cardiac output (5, 6) . However, there are no quantitative data, insofar as I am aware, correlating the change in peripheral venous pressure with the cardiac output change when the intrathoracic pressure is changed. The experiments described here were performed in order to determine how much of the effect of intrathoracic pressure change on peripheral venous pressure was due to a change in cardiac output.
METHODS.
The cardiac output was determined by the direct Fick method in nine barbitalized dogs in the supine position. In each experiment the cardiac output was measured with the dog breathing oxygen from a spirometer at atmospheric pressure, at a negative pressure of 8 or 16 cm. of water, at a positive pressure of 8 or 16 cm. of water, and again at atmospheric pressure. The dog was connected to the spirometer by means of a tracheal cannula, and breathed from the spirometer at a given pressure for 10 or 15 minutes before the cardiac output determination was made. The spirometer was constructed similar to the Benedict-Roth apparatus with the exception that no valves were used. The spirometer bell was carefully counterbalanced to measure the rate of oxygen consumption while the animal breathed oxygen at atmospheric pressure.
Positive pressures were developed in the spirometer by adding a weight to the spirometer bell. Negative pressures were developed in the spirometer by adding a weight to the counterbalance weight.
Five cubic centimeter samples of mixed venous blood were collected from the right auricle by means of a paraffin-coated cannula that passed into the right auricle by way of the right external jugular vein. The cannula remained in place throughout the In order to prevent cl ride solution passed through the cannula at a rate of 1 cc./min. or less. Arterial blood was collected by cannulating a small side branch of the femoral artery. The blood was collected over mercury without contact with air by the method of Austin et al. (7) and was analyzed for oxygen by the manometric method of Van Slyke and Neil1 (8) . Arterial blood pressure was measured in the femoral artery with a mercury manometer. experiment, which generally took from one to two hours. .otting a continuous injection of 0. '9 per cent sodium chloIn another group of ten dogs, right auricular and peripheral venous pressures were measured simultaneously with the dog breathing from a chamber in which the pressure was varied from 20 cm. of water below to 20 cm. of water above atmospheric pressure. Right auricular pressure was measured with a water manometer by means of a cannula that passed into the right auricle by way of tlhe right external jugular vein, and peripheral venous pressure was measured with a water man .ometer by means of needle puncture of the femoral, cephalic or jugular vein. All venous pressures were referred to the level of the cannula tip in the right auricle as zero. These results were described in part in an earlier paper (2) l In five barbitalized dogs the cardiac output, femoral venous and right auricular pressure were measured within a few minutes of each other wit*h the dog breathing air at atmospheric pressure, at a positive pressure of 16 cm. of water, at atmospheric pressure, at a negative pressure of 16 cm. of water, and at atmospheric pressure.
The air under positive or negative pressure was breathed for 15 minutes or longer before the observations were made. After breathing air under positive or negative pressure the animal breathed air at atmospheric pressure for 30 to 45 minutes before the next control observations were made. No observations were made until 3 hours or longer' after anesthesia was begun. The venous pressures were determined in a manner similar to that described above. The cardiac output was determined by a modification of Stewart's method (9) . Instead of injecting hypertonic sodium chloride solution into the right1 heart and determining the amount of dilution of the injected salt solution in the blood of the femoral artery at an appropriate time as Stewart did, the blue dye, T 1824, was injected into the right auricle and the concentration of t)he dye in the blood running through the femoral artery was determined. A 0.3 per cent solution of the dye was made up in physiological saline and injected at a constant rate of 0.5892 cc. per second into the right auricle by means of a ureteral catheter that passed into the right auricle by way of the right external jugular vein. A constant injection apparatus similar to that used by Wiggers (10) was employed.
A small side branch of the femoral artery was cannulated within a few millimeters of the point where it came off of the femoral artery by means of a piece of tubing made from a 16 gauge needle. A 14 cm. length of ureteral catheter was connected to the needle tubing.
Arterial blood was collected in small test tubes that were held on a revolving kymograph drum as described by Hamilton et al. (11) .
The drum revolved at such a rate that each tube collected blood from the artery for approximately one second. +, above atmospheric pressure; -, below atmospheric pressure. Fig. 2 . Serum dye-concentration-time curve of arterial blood samples taken from the femoral artery.
The shaded area indicates the time of injection of the dye into the right auricle.
and then centrifuged. The dye content of the serum was determined with a Klett-Summerson photoelectric calorimeter in a manner similar to that described by Gibson and Evans (12) . Although the procedure varied somewhat in the earlier experiments the final procedure used for determining the cardiac output was as follows. A control sample of blood was drawn from the femoral artery; part of this was used to determine the hematocrit by the method of Wintrobe (13)) and part to determine the dye content of the serum. II few seconds later the dye injection was started. Eight seconds after the dye injection was started the collection of arterial samples of blood was begun. The dye injection was stopped 13 seconds after it was started. Twenty-three seconds after the beginning of the dye injection the collection of blood samples was stopped. The serum dye-concentration-time curves were similar to that
shown in figure 2 . The dye concentration quickly reached a level and remained at this level for 4 to 6 seconds. The serum dye concentration value when it was constant (between A and B in fig. 2 ) was a measure of the amount of dilution that the dye solution had undergone as a result of mixing with the blood that passed through the heart.
The formula used for calculating the cardiac output in cc./min. was as follows:
Q is the number of milligrams of dye injected per second.
C2 is the concentration of the dye in the serum taken from the flat part of the dye-concentrationtime curve.
Cl is the concentration of the dye in the serum sample taken just before the dye injection.
These concentrations of dye are expressed in milligrams per cubic centimeter of serum.
H is the hematocrit.
Since it has been shown (14) that the hematocrit determined by the centrifuge method gives a value that is'on the averalge 8.5 per cent higher than the true red cell hematocrit, the hemat,ocrit has been corrected by multiplying it by 0.915.
In some cases the dye-concentration-time curves were similar to that shown in figure 2 with the exception that at about 16 seconds the dye concentlration increased.
It was t*hought that this was due to the beginning of some re-circulation of the dye.
RESCLTS. Cardeiac output. The results of the measurements of cardiac output by the Fick metlhod are shown in table 1.
. When oxygen at atmospheric pressure was breathed the cardiac output was greater at the end of the experiment than it was at the beginning in seven of eight experiments.
The reason for this is not clear but it may have been due to the fact that the viscosity of the blood was less at the end of the experiment than at the beginning, as a result of tlhe injection of a small amount of saline in washing the blood out of the auricular cannula, and the slow injection of physiological saline through the auricular cannula in order to prevent clotting.
The control cardiac output in each experiment was taken as the average of t!he two control determinations. The deviation of the single observations from the averages ranged from &2 to ~25 per cent in the eight experiments.
The mean deviation from the average was A6 per cent.
m7hen oxygen under a positive pressure of 16 cm. of water was breathed the ca.rdiac output was decreased below the control output in four out of six experiments. However, in only one of these six experiments was the decrease in the cardiac output greater than the deviation of the two control output determinations from the average control. The average decrease in cardiac output was 16 per cent of the control. There was little or no change in cardiac output when oxygen under a positive pressure of 8 cm. of water was breathed. When oxygen under a negative pressure of 16 cm. of water was breathed there was an increase in the cardiac output above the control determination in five out of seven experiments.
However, in only one of the seven experiments was the increase in cardiac out!put greater than the deviation of the two control output determinations from the average control. The average increase in cardiac output was 13 per cent of t'he control.
There was little or no change in cardiac output when oxygen under a negative pressure of 8 cm. of water was breathed. Thus when oxygen under a positlive pressure of 8 or 16 cm. of water or a negative The increase (+) or decrease (-) of the pressure fall is given i n per cent of the control. C.P., chamber pressure, is given i n centimeters of water. B. Effect of breathing oxygen that is under different hydrostatic pressures on the cardiac output. The increase (+) or decrease (-) of the cardiac output is given i n per cent of the control. l., liters.
In column X the deviation of the single control observations from the average is given i n per cent of the average.
pressure of 8 or 16 cm. of water was breathed the cardiac output was changed on the average no more than the change in the control determinations. Venous pressure. In each experiment twelve or more determinations of peripheral venous pressure and right auricular pressure were made. The venous and auricular pressures were then plotted on graph paper and results similar to those shown in figure 1 were obtained. From these graphs the pressure fall from the peripheral vein to the right auricle was determined when the animal breathed air at a negative pressure of 8 and 16 cm. of water, at atmospheric pressure, and at a positive pressure of 8 and 16 cm. of water. These results are given in table 1. VVhen air under positive pressure of 8 cm. of water was breathed the pressure fall from peripheral vein to right auricle decreased in each experiment, the average decrease was 53 per cent of the pressure fall when air under atmospheric pressure was breathed.
When air under a positive pressure of 16 cm. of water was breathed similar results were obtained, the average decrease in pressure fall was 72 per cent. When air under a negative pressure of 8 cm. of water was breathed the pressure fall from peripheral vein to right auricle was increased in each experiment, the average increase was 94 per cent of the pressure fall when air under atmospheric pressure was breathed.
When air under a negative pressure of 16 cm. of water was breathed similar results were obtained with the average increase in pressure fall being 191 per cent. Thus when air under a positive pressure of 8 or 16 cm. of water was breathed there was a marked decrease in the pressure fall from peripheral vein to right auricle, and when air under a negative pressure was breathed there was a great increase in the pressure fall from peripheral vein to right auricle.
Cardiac output and venous pressure.
The results of these experiments in which the cardiac output was determined by a modification of Stewart's method are shown in table 2. When air under a positive pressure of 16 cm. of water was breathed the cardiac output was decreased in every case. The decrease in cardiac output was much great,er than the deviation of the control outputs. The average decrease in the cardiac output was 33 per cent of the control while the average deviation of the controls was =t6 per cent. The pressure fall from femoral vein to right auricle was decreased in every case except one, the average decrease was 64 per cent of the control.
When air under a negative pressure of 16 cm. of water was breathed the cardiac output was increased in three and decreased in two experiments. In only two cases was the increase in cardiac output greater than the deviation of the control determinations, and in these two the increase in the cardiac output was only 5 and 7 per cent. The pressure fall from femoral vein to right auricle was increased in each case when air under a negative pressure of 16 cm. of water was breathed.
The average increase was 244 per cent of the control. The breathing of oxygen under a positive or negative pressure had little effect on arterial blood pressure.
When the animal was suddenly changed from breathing air at atmospheric pressure to breathing oxygen under a positive pressure of 16 cm. of water the arterial pressure fell several millimeters of mercury but rose within less than a minute to approximately the normal level. However, in experiment 18 the arterial pressure fell 35 mm. of mercury when oxygen under a positive pressure was breathed and remained at this level until positive pressure respiration was stopped.
DISCUSSION.
The pressure fall from peripheral vein to right auricle is a function of the length and cross-section of the venous channels along which the blood flows from the peripheral vein to the right auricle, the volume of blood flowing along these venous channels per unit of time, the viscosity of the blood, and the hydrostatic pressure exerted by the vertical column of blood between the point where the venous pressure is measured and the right auricle.
With the length of the veins, the blood viscosity, and the hydrostatic component remaining constant, an increase in the pressure fall from peripheral vein to right auricle must be the result of an increase in the rate of flow of blood along the veins or of an increase in the resistance to the flow ca.used by a decrease in the cross-section of the veins.
It was shown in table 1 that when oxygen under a negative pressure of 16 cm. of water was breathed there was, on the average, only 13 per cent increase in the cardiac output, while in a similar group of experiments the pressure fall from peripheral vein to the right auricle was increased 191 per cent of the control. In table 2 it was shown that there was little, if any, increase in the cardiac output when air under negative pressure was breathed, while the venous pressure drop from femoral vein to right auricle increased greatly, the average value being +244 per cent. Thus the increase in pressure fall from peripheral vein to right auricle must have been due nearly entirely to an increase in the re-sistance to the flow of blood along the veins when a negative pressure of 16 cm. of water was breathed; for with laminar flow in the veins it would have been necessary for the cardiac output to increase 244 per cent of the control in order to give an increase of 2-M per cent, in the pressure fall from peripheral vein to right auricle if there had been no change in the resistance tlo the flow of blood along the veins.
Thus in the supine dog when air under a negative pressure is breathed t,he peripheral venous pressure remains constant! and the right auricular pressure decreases, t(hereby increasing the pressure fall from tIhe peripheral vein to the right auricle, because the resistance to the flow of blood along the veins is increased.
This increase in resistance to the flow of blood is due to the fact that when air under a negative pressure is breathed the veins become partially collapsed just before enterjng the chest and increase the resistance to the flow of blood into the chest (2). It would appear that t,he collapse of the veins just before entering tlhe chest, when large negative intrathoracic pressures are developed, is a mechanism that prevents a large amount of blood from being sucked into the chest! and over-distending the hea'rt. Similar experiments (15) in the normal supine human indicate that the veins ,do not collapse just before entering the chest when air under a negative pressure of 14 cm. of water or less is breathed. This is apparentlv due to the fact that in normal man right auricular pressure is several centimeters of saline above atmospheric pressure (16) , and as a result the intrathoracic pressure must be lowered considerablv before Ohe pressure in the veins entering the chest becomes low enough to cause them to collapse. Thus the cardiac output might be in-(creased in man under these circumst,ances.
However, the development of larger negative intrathoracic pressures in man, as in Muller's experiment, does appear to cause the veins to collapse just before entering the chest and this would prevent a further increase in cardiac output It would appear unlikely that the breathing of air under negat#ive pressure would cause much increase in the cardiac output of man when in shock or in any state where there was a decreased venous return to the heart. In these conditions the right auricular pressure tends to be lower than normal and the development of greater negative pressure in the chest would probably cause the veins to become partially collapsed just before entering the chest{, increase the resistance to the flow of blood into the chest, and so prevent an increase in cardiac output.
In the dog when air under a positlive pressure of 16 cm. of water was breathed the pressure fall from peripheral vein to right auricle decreased on the average 72 per cent of the control pressure fall, while the cardiac output decrease on the average was only 16 per cent, of the control when the Fick method was used to determine the output.
In the otiher group of experiments in which the cardiac output was determined by a modification of Stewart's method the average decrease in cardiac output was 33 per cent of the control, and the average decrease in pressure fall from femoral vein to right auricle was 64 per cent of the control. auricle must to a decrease in the resistlance to the flow of blood along the veins.
The decrease in pressure fall from tlhe peripheral vein to the right have been due in part to a reduction in cardiac output, and in part
The decrease in resistance to the flow along the veins was probably due to the fact that the veins were dilated as a result of the high pressure in the right auricle. It should be pointed out that the pressure fall from peripheral vein to right. auricle is a function of the volume of blood flowing per unit of time along the venous channels from the point in the peripheral vein where the pressure is, measured to the right auricle (in the experiment on the femoral vein these channels are the femoral vein and inferior vena cava).
Only part of the cardiac output flows along these channels, and more blood flows along part of these channels than flows through the peripheral vein in which the pressure is mea+ ured.
It would be possible for the rate of blood flow along one or more of these channels to change and thus change the pressure fall from peripheral vein to right auricle, even if there were no change in cardiac output.
Also it would be possible for the cardiac output to change and for the rate of blood flow to change along certain venous channels and not along others.
Thus the pressure fall from one peripheral vein to the right auricle might change as the result of a. cardiac output change while the pressure fall from another peripheral vein might not change. However, since similar results were obtained on the femoral vein, which empties into t,he inferior vena cava, and the jugular and cephalic. veins, which empty into the superior vena cava, it would appear t,hat these results represent the changes that take place in all veins.
The control cardiac output determinations varied considerably in the experiments in which the Fick method was used. The reason for this is not clear but may have been due to the fact that a true sample of mixed venous blood was not obtained, for it has recently been shown (17) that blood samples taken simultaneously from different points in the right auricle may have different. contents of oxygen.
Also it has been pointed out (18, 19) that the cardiac output in dogs anesthetized with sodium barbital is variable and that the cardiac output during the first 90 minutes of anesthesia is generally higher than subsequent determinations. A 90 minute period following anesthesia was not. allowed for the circulation to become stabilized, and only short periods of time were allowed between cardiac output determinations in these experiments. There was very little variation in the control cardiac output determinations made by a modification of Stewart's method and it is thought that these results are more accurate than those made by the direct Fick method.
SUMMARY AND CONCLUSIONS
Cardiac output was measured bv the direct Fick method and by a modification of Stewart's method in dogs "breathing oxygen and air at a pressure of 8 and 16 cm. of water below atmospheric, 8 and 16 cm. of water above atmospheric, and at amospheric pressure. The control cardiac output determinations made with the Fick method showed considerable variation, while the control determinations with the modified Stewart method showed little variation. The cardiac output determinations with the modified Stewart method showed that when air under a positive pressure of 16 cm. of water was breathed the cardiac output was decreased. Peripheral venous and right auricular pressures were measured simultaneously in dogs breathing air from a chamber in which the pressure varied from 20 cm. of water pressure above to 20 cm, below atlmospheric pressure. When air under a positive pressure of 16 cm. of water was breathed the pressure fall from peripheral vein to right auricle was decreased. The avera,ge decrease was 72 per cent of the pressure fall when air under atmospheric pressure was breathed in one group of experiments and 64 per cent in another. When air under a negative pressure of 16 cm. of water was breathed the pressure fall from peripheral vein to right auricle increased. The average increase was 191 per cent of the control pressure fall in one group of experiments and 244 per cent in another.
Since the cardiac output of the dog changes very little when air under a negative pressure of 16 cm. of water is breathed it would appear that the maintenance of a high peripheral venous pressure, when right auricular pressure is greatly decreased, is due to the fact that the veins become partially collapsed just before entering the chest and increase the resistance to the flow of blood to the right auricle. *
